ABSTRACT Quasi-elastic light scattering studies were performed on purified bovine serum albumin sample under conditions of high and low ionic strength and pH. Two relaxation modes were observed in all cases. The apparent diffusion coefficient obtained in the asymptotic time window (T) limit T-* 0-i.e., Dapp(T --* 0)-was found to be 6.1 X 10-7 cm2/sec under conditions that minimized electrical forces (100 mM KCI at pH 4.5). As the ionic strength was lowered to 0.1 mM KCI (pH 4.5) or the pH was raised to 10 (100 mM KCI), Dapp(T -*0) increased to 7.2-7.5 X 10-7 cm2/sec. Kirkwood and Shumaker first suggested that fluctuations in the net charge of proteins can fully account for the observed permanent dipole of globular proteins (1) and that these fluctuations may lead to substantial attractive interactions between the polyions (2). Oosawa (3) examined a similar fluctuation mechanism for rigid rods and concluded that attractive forces resulted if coupling occurred between counterion distributions along neighboring rods. It is the current beliefthat fluctuations in the small-ion distribution about a polyion are also responsible for the enhancement of the dielectric constant for linear polyelectrolytes at low frequencies of the external field (4-9). It follows, therefore, that the dynamics of polyions would be greatly affected under conditions that promote large amplitude fluctuations in the small-ion distributions. Lin et aL (10) examined the effect of coupled polyion-small-ion dynamics on the apparent diffusion coefficient, with the result Dapp = (I/2)[Dp(l -fl) + Ds (1 + fl)], [1] where DP is the polyion diffusion coefficient, Ds is the small ion diffusion coefficient, and [4] where the first term is the hydrodynamic dissipation term for a Stokes bead of radius ap, and the second term is referred to as the electrolyte dissipation term, which arises from an asymmetric distribution of small ions about the polyion. The parameters in Eq. 4 are: solvent viscosity (ii), electrolyte dissipation charge (Zedc), electron charge (e), small-ion diffusion coefficient (Dj), Debye-Huckel screening parameter (K), and bulk dielectric constant (E). It has been suggested through use of Eq. 4 that "apparent unfolding" of polyelectrolytes as the ionic strength is lowered below 50 mM actually may be overestimated because of the presence of significant electrolyte dissipation effects (12) . We have proposed that small-ion fluctuations play a significant role not only in the self-diffusion coefficient of polyions but also in the stabilization of "localized ordered domains" within the polyelectrolyte solution (13-18). The involvement of small ions was suggested to explain quasi-elastic light-scattering (QLS) experiments performed in the presence of a sinusoidal electric field (QLS-SEF). The apparent electrophoretic mobility and apparent diffusion coefficient for mono-and polynucleosomes showed a dispersion curve in the same frequency range as that of the dielectric constant for low molecular weight DNA. The increased amplitude of the slow component as the ionic strength was lowered is interpreted as being due to longrange polarization of the "ion clouds" (14). Small-ion-polyion coupling has been proposed (18) 
Kirkwood and Shumaker first suggested that fluctuations in the net charge of proteins can fully account for the observed permanent dipole of globular proteins (1) and that these fluctuations may lead to substantial attractive interactions between the polyions (2). Oosawa (3) examined a similar fluctuation mechanism for rigid rods and concluded that attractive forces resulted if coupling occurred between counterion distributions along neighboring rods. It is the current beliefthat fluctuations in the small-ion distribution about a polyion are also responsible for the enhancement of the dielectric constant for linear polyelectrolytes at low frequencies of the external field (4) (5) (6) (7) (8) (9) . It follows, therefore, that the dynamics of polyions would be greatly affected under conditions that promote large amplitude fluctuations in the small-ion distributions. Lin et aL (10) examined the effect of coupled polyion-small-ion dynamics on the apparent diffusion coefficient, with the result Dapp = (I/2)[Dp(l -fl) + Ds (1 + fl)], [1] where DP is the polyion diffusion coefficient, Ds is the small ion diffusion coefficient, and where Cs is the small ion concentration, Cp is the polyion concentration, and Z is the polyion charge. It is noted that Eq. 1 (dynamic Donnan effect) reduces to Dapp Dp[1 + (Z2Cp/2C,)] [3] in the dual limits DP << Ds and ZCP << Cs (equilibrium Donnan effect). The relaxation of an asymmetric distribution of small ions about the polyion may also affect the parameter DP through the apparent friction factor of the polyion, fp = kT/D . Schurr (11) derived the following analytical expression for a semipermeable gel bead of uniform charge density, [4] where the first term is the hydrodynamic dissipation term for a Stokes bead of radius ap, and the second term is referred to as the electrolyte dissipation term, which arises from an asymmetric distribution of small ions about the polyion. The parameters in Eq. 4 are: solvent viscosity (ii), electrolyte dissipation charge (Zedc), electron charge (e), small-ion diffusion coefficient (Dj), Debye-Huckel screening parameter (K), and bulk dielectric constant (E). It has been suggested through use of Eq. 4 that "apparent unfolding" of polyelectrolytes as the ionic strength is lowered below 50 mM actually may be overestimated because of the presence of significant electrolyte dissipation effects (12) . We have proposed that small-ion fluctuations play a significant role not only in the self-diffusion coefficient of polyions but also in the stabilization of "localized ordered domains" within the polyelectrolyte solution (13) (14) (15) (16) (17) (18) . The involvement of small ions was suggested to explain quasi-elastic light-scattering (QLS) experiments performed in the presence of a sinusoidal electric field (QLS-SEF). The apparent electrophoretic mobility and apparent diffusion coefficient for mono-and polynucleosomes showed a dispersion curve in the same frequency range as that of the dielectric constant for low molecular weight DNA. The increased amplitude of the slow component as the ionic strength was lowered is interpreted as being due to longrange polarization of the "ion clouds" (14) . Small-ion-polyion coupling has been proposed (18) to be the origin of the anomalously slow relaxation component in QLS experiments reported in several polyion systems: polystyrene (19) , polylysine (10) , bovine serum albumin (20) , tRNA (21) , DNA (22) , and mononucleosomes (16 tains trimers and dimers, the sample was fractionated by gel permeation chromatography (Bio-Gel P-200; Bio-Rad) at 50C (elution buffer: 10 mM Tris HCl, pH 7.4). The fractions were characterized on a 15% polyacrylamide/NaDodSO4 gel as shown in Fig. 1A . Fractions 18 and 19 were pooled and exhaustively dialyzed against the appropriate solvent (100 or 0.1 mM KCl at pH 4.5 or 10). A second gel was run on these samples 3 wk after the initial separation; degradation did not occur, but dimerization was greatly accelerated at the increased temperature (600C; see Fig. 1B, lane A) .
Quasi-elastic and Static Light Scattering. The dynamic lightscattering facility and filtration procedures have been described (18, 23) . Data in the QLS experiment were taken at several time intervals at each angle. The apparent diffusion coefficient was defined by the single exponential relaxation time .
Dapp = 1/2TK2, [5] where K = (4lTn/A)sin(0/2) is the scattering vector, n is the index of refraction, A = 488 nm, and 0 is the scattering angle. Fig. 2 . The scatter in these functions is due to the low concentrations used in these studies (Calbumin ' 4.5 mg/ml). Comparison of several correlation functions taken for the pH 4.5 solutions for the two ionic strengths (data not shown) indicates that a decrease in ionic strength at fixed polyion charge and concentration resulted in an increase in the rate of decay. This behavior is qualitatively consistent with Eqs. 1-4. The effect of increasing the pH from 4.5 to 10 at fixed ionic strength and temperature was to introduce an apparently large-amplitude slow mode to the decay function. Because the change in pH increased the titration charge of bovine serum albumin, the presence of this slow mode is consistent with other polyelectrolyte systems in low ionic strength buffers (16, (19) (20) (21) (22) (23) . What is perhaps unexpected is the increase in relative amplitude and drastic decrease in the decay rate as the temperature was raised from 20°C to 60°C.
Representative curves in the asymptotic analysis procedure are shown in Fig. 3 . The functional form for Dapp vs. T is (15) 
where T is the time window for the decay function (D) = I aiDi = Dapp(T +0) [7] [8]
and (D2) = Eaiaj(Di + D i j [9] The curves shown in Fig. 3 support an angle-independent value for Dapp(T 0) as reported (18) . The values for Dapp(T -> 0) obtained in the present study are compared with recent reports in the literature (20, (24) (25) (26) (27) Table 2 ). -, OD. = 2.6; ---, OD2w = 3.0. 5. These data indicate that the variation of In with K increased as the ionic strength was decreased and as the net charge (pH) on the bovine serum albumin was increased. The decrease in
In for bovine serum albumin in 0.1 mM KCl (pH 10) buffer rel- ative to the other solvent systems suggests the formation of long-range "ordered domains" within the solution. There is a positive correlation of the degree of K-dependence for I,, and the relative magnitude of the slow decay mode.
spacing of R 290 A. The small-ion screening effect is quite large in the buffer of 100 mM ionic strength because K(R -2ap) 23 (13) (14) (15) (16) (17) (18) . Direct polyion-polyion interactions most certainly are important at pH = 10 in the 0.1 mM KCI, as can be inferred from the reduction in scattered light intensity (cf. Fig. 5 ). However, these latter data were not included in the analysis of Dapp(T > 0).
The theoretical response of Dapp(T-* 0) to a change in charge of the polyion (i.e., a change in the pH of the buffer system) is given in Fig. 4 . These calculations were tailored to the concentration and ionic strength ranges used in the current study, where ap = 35.5 A and Ds = 1.33 x 10-5 cm2/sec were used.
It is to be emphasized that the Dapp(T 0) vs. Z plot is sigmoidal with an inflection point in the range 15-' Z ' 20, corresponding to pH 7 for bovine serum albumin (29, 30 Table 2, where one must take into consideration that both Zedc and Z, are model parameters and, thus, are subject to the limitations imposed by the respective model assumptions. However, the reasonable agreement between these two parameters does add confidence to our conjecture that polyion-small-ion coupling effects cannot be ignored in the interpretation ofpolyelectrolyte dynamics, even in ionic strength buffers as high as 100 mM. We do not believe direct polyion-polyion interactions play a major role in the interpretation of Dapp(T --0) for the moderate ionic strength or pH conditions, as can be inferred from the form of the screened Coulomb potential (32) ea2 p2 U(R) = P exp [-K(R -2ap)], [10] where I is the surface potential and R is the average distance between particles. For our highest bovine serum albumin concentration (Calbumin = 4.65 mg/ml), we estimate a simple lattice CONCLUSIONS The data presented in this communication represent extreme conditions for bovine serum albumin with respect to charge and solvent ionic strength. Under the conditions that minimize electrostatic effects-i.e., at the isoelectric point or high ionic strengths (excess of 0.1 M), or both-we conclude that hydrodynamic dissipation dominates and, therefore, Dapp gives a true measure" of the equivalent hydrodynamic dimensions of the bovine serum albumin particle. At 
